Introduction
On Earth, most volcanoes lie along large active fault zones. At midoceanic ridges, plate divergence provides vertical conduits for rising magma. However, volcanoes are also common at convergent margins. Most of the Pacific Ôring of fireÕ results from melting at depth, where oceanic lithosphere subducts beneath continental lithosphere of the Americas and Asia. At the Andean margin of South America, plate convergence is rapid (8 cm per year), current stresses are mostly compressive (the greatest principal stress is horizontal) and many major faults are thrusts (Zoback et al., 1989; Zoback, 1992; Klotz et al., 2001 ). In such a setting, how do magmas reach the surface? How do they intrude at depth? Could rising magmas influence fault development?
One way of answering such questions is through observation. In the Central Andes there is evidence for an association between magmatic intrusion and thrusting: major faults coincide with zones of small electrical resistivity, which may be due to magmatic or hydrothermal fluids (Schwarz et al., 1994; Schwarz and Kru¨ger, 1997) . On a smaller scale, there are geometrical relationships between volcanic edifices and thrust fronts (Kozlowski et al., 1996; Branquet and Van Wyk de Vries, 2001; Marques and Cobbold, 2002) .
Another way to gain understanding is through modelling. We have performed experiments on scaled physical models, in which deformation was synchronous with fluid injection. Although there has already been some work in this regard, the results are not directly applicable to the problem discussed above. In the sandbox experiments of Roma´n-Berdiel (1999) , injecting fluids were stiff silicones, representing magmas of high viscosity (10 18 Pa s), and the resulting intrusions were thus wide. We are interested rather in the formation of sills, dykes and laccoliths, for which we assume that magmas have lower viscosities. In the experiments of Benn et al. (1998) , a single piston controlled the rates of both shortening and fluid injection, coupling them artificially, whereas we wish to investigate the separate effects of shortening and injection. Finally, 1 in all of the experiments quoted, fluid viscosity was too large for hydraulic fracturing to occur. By contrast, the viscosity of our model material was low enough to permit hydraulic fracturing.
During hydraulic fracturing, brittle rock fails in tension, as a result of pressure within a fluid-filled fracture (Hubbert and Willis, 1957; Jaeger, 1969) . Even if applied stresses are compressive, tensile failure occurs at the crack tips, which form perpendicularly to the direction of least principal stress. Hydraulic fracturing is probably the main mechanism by which dykes and sills form in nature (Lister and Kerr, 1991) . Magma of low viscosity may thus account for the considerable length (700 km) of the Abitibi Great Dyke in Canada (Ernst et al., 1995) .
The first analogue experiments on hydraulic fracturing were designed to investigate borehole breakouts (Hubbert and Willis, 1957) . The material representing host rock was gelatine, which failed readily in axial tension. Unfortunately, gelatine is not suitable for our purposes because it is too cohesive at the scale of our experiments (see Experimental method).
To study interactions between magmatic and tectonic processes in a brittle crust, we have developed a new experimental method, in which boundary stresses and an injecting fluid of low viscosity lead to hydraulic fracturing in suitably weak model material.
Experimental method
Our model materials were (1) powdered silica, representing brittle upper crust; and (2) a vegetable oil, representing magma. The silica powder is sufficiently fine grained (20 lm) to prevent oil percolating through it. After compaction, its density is 1.4 g cm )3 . In a shear box (Krantz, 1991; Schellart, 2000) , silica powder fails according to a Coulomb criterion: its true cohesion is 300 Pa and its angle of internal friction is 38°. Cohesion is important because it allows open fractures to form in tension. The vegetable oil is solid at room temperature and a Newtonian fluid when molten. At 50°C, its density is
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The dimensionless ratio p between cohesion and viscous stress should be identical in nature and experiment. Indeed, calculated values of p are very small and their ranges overlap (10 )3 )10 )4 and 10
) ( Table 2) .
For experiments on magmatic intrusion, a steadily moving piston caused horizontal shortening and vertical thickening of a pack of silica powder (7.5 cm thick), lying in a rectangular box (60 · 40 · 20 cm), while a pump steadily injected molten oil through an orifice (5 mm in diameter) at the base of the box (Fig. 1) . A first electric motor controlled the preset speed of the piston and a second motor controlled that of the pump.
The temperature of injection (50°C) prevented oil freezing in the apparatus. At the end of each experiment, once the intrusions had frozen, the model was cut into longitudinal sections. Cohesion of the silica prevented their collapse. Preference was given to information from central sections, as far as possible from boundary disturbances. A blue sand layer within the silica powder served as a marker of deformation (Figs 1 and 2).
In our experiments, a shortening of 30% accumulated in about 10 min. In the Sub-Andean Ranges (Baby et al., 1992; Kley and Monaldi, 1998) , such a shortening accumulates in approximately 10 Myr. The time ratio was therefore about 2 · 10 11 . This value had no real mechanical consequences because viscous stresses were negligible compared with cohesion. It also had no thermal consequences because intrusions remained liquid during deformation. Indeed, the rate of heat loss by conduction was less than the rate of heat gain by advection, as indicated by the calculated Peclet number (Pe > 1, Table 3 ). This also occurs in nature, if magmatic supply at depth is fast enough and continuous (Pe 1, Table 3 ).
Experimental results
We performed a series of 23 experiments and found that most of them resulted in thin intrusions (sills, dykes or laccoliths). However, their shapes, attitudes and distributions depended on the relative rates of crustal thickening by deformation, _ e zz , and injection, I, expressed as a dimensionless thickening ratio, R:
Here V l is piston velocity, L is model length, d is volumetric rate of injection (in m 3 s
) and V is total volume of the model. To illustrate this dependence, we describe three experiments (Table 4) , for which R had two extreme values (0, 1) and one intermediate value (35.1).
R = 0 (Experiment 13)
In this experiment, the piston did not move. As a result of injection, a bowlshaped cone sheet formed above the basal orifice and propagated to the surface (Fig. 2a) . Its axial symmetry reflected a lack of compression by the piston. The cone sheet was 1-5 mm thick, although oil percolated a few millimetres further into the adjacent Table 2 Characteristic values of viscosity (l), mean velocity of the liquid (Vl), intrusion thickness (l) and host cohesion (r 0 ) in nature and experiment (after Dingwell et al., 1993; Spera, 1980) . Model parameters were estimated from experiments performed. Liquid velocity was calculated by dividing the liquid flow rate (3.33 · 10 )7 m 3 s )1
) by magma source section, which was 5 mm in diameter. Viscous stress r v is estimated from the Newtonian relation r ¼ l AE _ e where r, l and _ e are stress, viscosity and strain rate, respectively. The parameter p is the ratio between tectonic and viscous stresses silica powder (grey ring in Fig. 2a) . Above the orifice, the intruding oil jacked up the silica, forming a smooth dome (not visible on Fig. 2a ). After 150 s of injection, the oil reached the surface along the propagating cone sheet. The edges of the uplifted dome underwent vertical simple shear (lateral gradient of uplift). We infer that the least principal stress was oblique to shearing surfaces. Because the cone sheet propagated rapidly in a direction perpendicular to the inferred least principal stress, we infer that it did so by hydraulic fracturing, as described for gelatine models by Hubbert and Willis (1957) .
R = 1 (Experiment 23)
In this experiment, no magma intruded. The only internal structures to form were thrust faults (Fig. 2b) . A first fore-thrust (M1) initiated at the base of the piston. When its throw attained about 2 cm, activity transferred to a second fore-thrust (M2), and then in turn to a third fore-thrust (M3). The horizontal spacing between fore-thrusts was 5-6 cm and their dips were about 30°. Back-thrusts that formed near the piston were steeper (40-50°). By the end of the experiment, the deformation front had progressed to within 13 cm of the fixed end wall of the box. The final shape was nearly a triangular wedge and the average surface slope was about 15°.
These experimental results are similar to those obtained previously on quartz sand (Davis et al., 1983; Malavieille, 1984) . According to theoretical studies, the apical angle of a thrust wedge in a Coulomb material depends on the angle of internal friction, on the cohesion and on the sliding properties at the base (Dahlen, 1990) . For material having low cohesion (such as our silica powder), an approximate theory predicts a surface slope of 10°for an angle of friction of 38° (Dahlen, 1990) , in agreement with our observations.
R = 35.1 (Experiment 19)
In this experiment, deformation began without injection, so that thrust M¢1 initiated at the base of the piston, as in the previous experiment. Injection began 2 min later. The main result Spera, 1980; Bu¨ttner et al., 1998; Guo et al., 2001) . We estimated heat gained by advection, compared with heat lost by conduction from a dyke into cold country rock, by calculating the Pe´clet number, Pe ¼ l V q Cp ⁄ k, where l, Vl, q, Cp and k are dyke width, velocity, density, heat capacity and thermal conductivity of magma, respectively. The value of Cp for the oil was determined with a calorimeter. In nature Pe 1: if magma generation is continuous, the main conduit will not solidify. In experiments, as Pe > 1, liquid does not solidify was a flat-lying sill, about 1 cm thick, at the base of the silica. Initially, the sill spread around the basal orifice, but then it propagated rapidly away from the piston, becoming cylindrical like associated thrusts. Fore-thrust M¢2 initiated at the tip of the sill, after injection of about 40 cm 3 of liquid. Thrusts M¢1 and M¢2 were 14 cm apart, their dips were about 30°(as in the previous experiment) and their throws were, respectively, about 1 cm and 3 cm. As slip accumulated on M¢2, the roof of the sill rose passively with the hangingwall. Back-thrusts initiated sequentially at the base of the ramp and propagated as far as the piston. Slip on these back-thrusts produced small offsets in the roof of the intrusion, giving it a jagged appearance. After 330 s of injection (at the same rate as in Experiment 13), the roof of the intrusion had risen about 4 cm but no magma had intruded any shallower.
The final wedge had a surface slope of about 7°, which was smaller than in Experiment 23 (no injection). This is evidence for a smaller frictional resistance at the base. We infer that oil in the intrusion lubricated the base of the wedge. Such an effect is well known from experiments on sand, overlying a basal layer of silicone. The basal layer reduces surface slope, reduces the number of thrusts, increases their spacing and causes nucleation of a late thrust at the tip of the ductile layer (Ballard et al., 1987) .
In our experiments, model magma arrived through the orifice in the base plate and a sill formed at the interface. We infer that this sill initiated by hydraulic fracturing. Although we made no measurements, cohesion was probably smaller at the interface than within the silica itself, so facilitating hydraulic fracturing.
Synthesis
1 In our experiments, the shapes, orientations and distributions of intrusions depended on the ratio R between rates of shortening and injection. 2 The initial horizontal attitudes of thin intrusions can be explained by a mechanism of hydraulic fracturing. 3 Injection without horizontal compression resulted in thin cone sheets, along which magma reached the surface (R ¼ 0). 4 Injection under horizontal compression favoured thicker flat-lying intrusions, preventing magma from reaching the surface (R ¼ 35.1). 5 Flat-lying intrusions at depth reduced the resistance to basal sliding and so helped shortening to propagate further from the piston. 6 During horizontal shortening, thrust faults nucleated at the tips of flat-lying basal intrusions. 7 Subsequent motion on these thrusts raised the roofs of thickening intrusions. 8 In the manner of saddle reefs, thickened intrusions occupied the cores of pop-up anticlines, between fore-thrusts and back-thrusts.
Conclusions
Our experiments provide strong evidence for interaction between shortening and magmatic intrusion. Francis and Hawkesworth (1994) , magmatic additions account for something like 30% of crustal thickening, the rest being due to deformation. If intrusion was continuous, this argues for a thickening ratio, R, of about 2, which is comparable with the intermediate value in Experiment 19. In the Andes, there is evidence that magma remains mostly at depth as flat-lying intrusions. In addition, major faults coincide with zones of low electrical resistivity, which may indicate magmatic or hydrothermal fluids (Francis and Hawkesworth, 1994; Schwarz et al., 1994; Schwarz and Kru¨ger, 1997) . On a smaller scale, geometrical relationships between volcanic edifices and thrust fronts have been described, for example, in the Neuque´n Basin (Kozlowski et al., 1996; Branquet and Van Wyk de Vries, 2001; Marques and Cobbold, 2002) and in Bolivia (Redwood and Macintyre, 1989; Zartman and Cunningham, 1995; Redwood and Rice, 1997) . The structures are geometrically similar to those of our experiments, suggesting that the models indeed are applicable to nature. On page 408, the legend for Table 4 should read: 
